Dual energy x-ray absorptiometry (DXA) of the lumbar spine (LS) was measured in 201 singleton infants with birth weights from 1152 to 3970 g and gestational ages from 27 to 42 wk. All infants were well and studied at a mean (ϮSD) of 2.1 (Ϯ1.6) days after birth. There were 75 Caucasian (46 males, 29 females) and 126 African American infants (58 males, 68 females). Scan acquisition of the first to fourth lumbar vertebrae was performed with a single beam whole body scanner (Hologic QDR 1000/W densitometer, Hologic Inc, Waltham, MA, U.S.A.) using the infant spine mode. Scan analysis was performed with software version 4.57Q and consistent region of interest. The SD of difference for duplicate LS scans is Ͻ1.4% at a mean bone mineral content (BMC) of 2.14 g. Results show that LS BMC, area, bone mineral density (BMD) increased by approximately 550%, 280% and 180%, respectively, between 27 and 42 wk gestational age. Body mass accounted for about 70% and 55% of the variance in BMC and BMD respectively. In contrast, the infant's length appears to be the best determinant of LS area and accounts for about 75% of the variance in LS area. Race, gender or season has little or no effect on LS bone mass. There was progressive increase in BMC and area from first to fourth lumbar vertebra but BMD was significantly higher only at the fourth lumbar vertebra. We conclude that DXA LS can be performed even in small preterm infants. Its excellent precision, low radiation exposure and rapid scan acquisition offers promise as a useful tool for widespread use in pediatrics. Our data may be used as a basis for further studies in physiologic and pathologic situations that may affect bone mineralization in infants. Abbreviations DXA, dual energy x-ray absorptiometry LS, lumbar spine BMC, bone mineral content BMD, bone mineral density Understanding of the physiologic development of skeletal mineralization in infants is now possible since the validation of dual energy x-ray absorptiometry (DXA) for the measurement of bone mineral status of the whole body (1, 2) and lumbar spine (3). We reported that body weight is the major determinant of total body bone mass at birth (4) and postnatally (5) but there is no data to document the extent to which these and other physiologic variables determine the bone mineral status at the vertebrae. The aims of this study were to document differences in bone mass at the lumbar spine at different birth weights and gestational ages using DXA measurement at the lumbar spine (LS). In addition, we aim to determine the predictive value of anthropometric measurements, gestational age, race, gender, and season on DXA LS.
Understanding of the physiologic development of skeletal mineralization in infants is now possible since the validation of dual energy x-ray absorptiometry (DXA) for the measurement of bone mineral status of the whole body (1, 2) and lumbar spine (3) . We reported that body weight is the major determinant of total body bone mass at birth (4) and postnatally (5) but there is no data to document the extent to which these and other physiologic variables determine the bone mineral status at the vertebrae. The aims of this study were to document differences in bone mass at the lumbar spine at different birth weights and gestational ages using DXA measurement at the lumbar spine (LS). In addition, we aim to determine the predictive value of anthropometric measurements, gestational age, race, gender, and season on DXA LS.
MATERIALS AND METHODS

Subjects.
The total study population included 201 singleton infants with birth weights from 1152 to 3970 g. The subjects' birth weights were between 10th and 90th percentiles for gestational ages (6) . Gestational ages of the subjects as determined by maternal menstrual dating and/or ultrasound were from 27 to 42 wk and within 2 wk of gestational age assessment by standard examination (7) . 76 subjects were preterm with gestational age Ͻ38 wk, of whom 53 subjects had low birth weight (Յ2500 g). There were 75 Caucasian (42 term, 46 males, 29 females) and 126 African American infants (83 term, 58 males, 68 females). All infants were clinically well at the time of study with resolution of any acute illnesses including the need for mechanical ventilatory support or acute medical therapy. None of the subjects had a family history of disorders that may affect skeletal development or preexisting chronic maternal illness. This study was approved by the Institutional Review Board for human subjects at the University of Tennessee-Memphis, and written informed consent was obtained from each subject's parent.
Anthropometric measurements. The nude weight of the infant and the weight of cotton blanket that swaddled the infant, and length of the infant were measured for each study. The study weight is the sum of the nude weight and the blanket weight. The weight in grams was determined with a digital electronic scale (Air Shields, Vickers, OH, U.S.A.). The scales were regularly maintained by the hospital Biomedical Instrumentation personnel and calibrated with known standard weights. Recumbent length was the average of two consecutive measurements within 0.4 cm and was determined using a standard length board (Ellard Instrumentation Ltd, Seattle, WA, U.S.A.).
DXA measurements. DXA scans were performed at a mean (ϮSD) of 2.1 (Ϯ1.6) days after birth. Ten subjects were studied between 6 and 7.7 d after they had recovered from transient respiratory illnesses. Scan acquisition of the first to fourth lumbar vertebrae (LS) was performed with a single beam whole body scanner (Hologic QDR 1000/W densitometer, Hologic Inc, Waltham, MA, U.S.A.) using the commercial infant spine mode. Specifically, scan acquisition used the fast spine mode and fixed scan dimension of 10-cm length and 8-cm width. Each scan was completed in one to two minutes depending on size of the infant and may be less than one minute in very low birth weight infants. The x-ray beam collimation was 3.2 mm and the measured entry radiation exposure was 10 uSv (1 mrem) using a Radcal Corporation model 1515 radiation monitor (MDH Company, Monrovia, CA, U.S.A.). All scans for this study were performed with the subject placed on top of the infant platform with a cotton blanket interposed between the subject and the platform (1). Each subject was swaddled in a cotton blanket during the scanning. A heat lamp was used as needed to maintain a satisfactory environmental temperature. Occasionally the scanning procedure was interrupted if movement artifact was noted, and a repeat scan was performed when the infant had been pacified.
Scan analyses were performed using the software (Version 4.57Q) developed in conjunction with the manufacturer. The region of interest includes an area equivalent to one vertebral width on either side of the first to fourth lumbar vertebrae en-bloc. The software allowed for analysis of first to fourth lumbar vertebrae en bloc and also for individual lumbar vertebra. Delineation of individual vertebra was performed by the operator according to manufacturer's recommendation using the same technique as that for adult LS scans, although quantification of bone mass was based on an ultra high-resolution analysis that has a lower bone detection threshold suitable for use in infants.
Long-term (Ͼ3 y) coefficients of variation (CV) for the determination of bone mineral content (BMC), bone area (area), and bone mineral density (BMD), using an anthropomorphic spine phantom is Ͻ0.31% for all parameters. The average annual rate of change for each of these measurements was not significantly different from zero. The in vivo replication of DXA measurements of lumbar spines of 49 infants was highly significantly correlated (r ϭ 0.99 and p Ͻ 0.001 for all parameters, i.e. BMC, area, and BMD, respectively). The SD (SD) of difference (8) between paired DXA measurements in these infants for LS BMC was Ͻ1.4% at a mean of 2.14 g, LS area was Ͻ2.8% at a mean of 8.8 cm 2 , and LS BMD was Ͻ0.4% at a mean of 0.227 g/cm 2 , respectively. Whereas, the SD of difference between duplicated pairs of LS scans for BMC, area and BMD increased to 8.5%, 13.9%, and 9.6%, respectively, if one of the scans had movement artifacts. Normative data were reported only for scans without movement artifact.
Statistical analyses. A principal component factor analysis showed that the three measures of weight (birth weight, study weight, study nude weight) were highly interrelated with loadings of 0.994 to 0.998. A composite weight score was computed that accounts for 99.7% of the variance. Thus any of the weight variables can be used in the regression analysis with equal validity. Nude weight was used in all analyses to minimize the entry of multiple collinear independent weight variables in the analyses. Its use has other advantages since it is the most consistent weight measurement without concern for the varied amount of clothing and covering, and it also provides consistency with our previous publications (4, 5) .
Stepwise multiple linear regression analyses were performed to determine the explanatory ability of each independent variable known to have the potential to affect growth and bone mineralization: gestational age, postnatal age at study, nude weight, length, race, gender, and season of birth, on each of the three dependent variables (BMC, area, and BMD) separately. The seasonal variable was determined by coding the month of birth at 3 monthly intervals beginning at March as spring, and was transformed into dummy variables using spring as the reference season.
For each of the dependent variables, a final model predictive equation was generated, containing only statistically significant independent variables. This represents a hierarchical modeling process that first determines the most powerful individual predictor of bone mineral status and then determines if any other set(s) of independent variable(s) either augmented our initial model's explanatory ability or diminished the explanatory capability of the single best predictor.
Repeated measures analysis of variance (ANOVA) with planned orthogonal contrasts was performed to ascertain differences in the three DXA dependent variables (BMC, area, BMD) at each of the four lumbar vertebrae.
All statistical tests were performed with SPSS 10.0 (SPSS Inc, Chicago, IL, U.S.A.) for windows at an adopted significance level of 0.05.
RESULTS
LS bone mineral content (BMC), area, and bone mineral density (BMD) increased by approximately 550%, 280%, and 180%, respectively, between 27 and 42 wk gestational age. The mean regression line and 95% confidence interval for individual BMC, BMD and area values as a function of birth weight or length are shown are shown in Figs. 1a, 1b, and 2 .
Our data show that body weight systematically heavily dominated the model's explanatory power for LS BMC and BMD, whereas, length is the dominant predictor of LS area. However, body weight becomes the dominant predictor for LS 486 KOO AND HOCKMAN area with an adjusted R 2 of 0.72 if length was excluded from the regression. Other independent variables entered into the model have minimal or no predictive value on LS bone mineral status ( Table 1) .
The final regression equations for the prediction of LS DXA measurements including all statistically significant predictors are: The proportional distribution of area, BMC, and BMD at each vertebra is shown in Table 2A . Planned contrasts from ANOVA show a progressively higher mean BMC and area from first to the fourth vertebra. However, mean BMD was significantly higher only at the fourth vertebra as shown in Table 2B . A sample size as small as 89 subjects would have been sufficient to detect a small effect size at a significance of 0.01 and a power of 0.80.
DISCUSSION
DXA measurement of LS has a number of advantages over the current DXA measurement of the whole body particularly in sick infants. Its ability to accurately measure small amounts of hydroxyapatite comparable to the low bone mass in neonatal spine using the same DXA technique as that used in this study has been reported (3). Rapid scan acquisition at LS with a 3-to 5-fold shorter scanning time compare with whole body scan significantly lowers the risk of artifacts from movement (9). 
LUMBAR SPINE BONE MASS IN NEONATES
Clinical usefulness of DXA LS measurement is further supported by the excellent repeatability of duplicate scans in large numbers of infants. Low radiation exposure from DXA LS is comparable to DXA whole body measurements (4, 5) . Thus DXA LS has the potential for widespread application to further understand the physiologic and pathologic determinant of bone mineralization and may be a useful tool for longitudinal studies in pediatrics. Our subjects were recruited from an urban tertiary health care facility typical of most cities in United States with a large population of African American. All infants were clinically well with no significant maternal or family history of bone disorder, they included subjects of both gender and different racial origin and from a wide range of gestation. Thus, our data may be considered as clinically representative of LS bone mass measurements in normal neonates, and the sample size for this study was more than adequate for detection of significant relationships with adequate statistical power. These in vivo measurements of LS bone mass are important to the understanding of physiologic variables that might affect bone mineralization in infants, and may allow the development of therapeutic goals in pathologic conditions with low bone mass, for example, in infants with congenital defects such as osteogenesis imperfecta (10) or acquired defects such as osteopenia of prematurity (11) .
In this study, we demonstrated that body mass is the major determinant of LS bone mineral status. This is consistent with our previous reports that body mass is the major determinant of whole body bone mineral status (4, 5) . However, body mass accounts for only about 70% and 55% of the variance in LS BMC and LS BMD respectively and is lower than that reported with whole body DXA measurements. Addition of the infant's length to the model equation improved the predictive effect by ϳ2% presumably because length and weight tend to be collinear at birth. The relatively low BMC at the lumbar vertebrae (average ϳ2.9% of the whole body) and other as yet undefined factors may account for the lower predictive value of body mass for LS BMC.
It is not surprising that body mass alone has a lower predictive value for LS BMD than for LS BMC since it is an areal density calculated by LS BMC/LS area and changes in LS BMC and LS area for infants at various birth weights and lengths are not completely proportional. Our data supports the previous reports from us (4, 5, 12) and others (13) that caution is needed in the interpretation of areal BMD in the growing skeleton. Whether body mass may have better predictive value for true volumetric density measurement of the LS is not known.
In contrast, the infant's length appears to be the best determinant of LS area and accounts for as much as 75% of the variance in LS area. However, body weight becomes the dominant predictor of LS area if length was excluded from the regression model. This is presumably due to their colinearity in the newborn infant. Our data are consistent with the twodimensional nature of DXA area measurement, where vertebral height is primarily responsible for trunk length. The relatively small area of lumbar vertebrae (average ϳ2.6% of whole body skeletal area) may explain the inability for length to account for total variance of LS area measurements.
This study show that the extent of racial effect on LS bone mass in infants is probably quite modest once body mass and length are taken into account. Our data are consistent with previous reports on the absence of racial and gender effect on skeletal weight, density and percent ash (14) , total body DXA measurements (4, 5) and distal radial BMC (15) of neonates. However, racial and gender effect on bone mineral status is well described for older age groups. For example, blacks have greater BMD than whites (14, 16, 17) and males have greater BMD than females (17, 18) beginning at pubescence. Thus, the racial and gender effect on bone mineral status appears to be age dependent. The lack of seasonal effect on LS bone mineral status is consistent with our earlier report on DXA whole body measurements in infants (4, 5) . The performance of DXA studies soon after birth is likely to have accounted for the lack of influence on LS bone mineral status from postnatal age.
We believe this is the first description of in vivo quantitative differences among various lumbar vertebrae in the neonate. The progressive increase in BMC and area from first to fourth lumbar vertebra is consistent with the anatomical changes of progressively larger size of lower lumbar vertebrae. However, the lack of progressive increase in areal BMD at each successive lumbar vertebra presumably reflects the biologic differences in the rate of change in area and BMC, the basis for deriving the areal BMD. Our data therefore further supports the 488 caution needed in the interpretation of DXA BMD in the growing skeleton. Whether there is a progressive change in true volumetric density at each lumbar vertebra is not known. Ability to obtain DXA measurements for individual vertebra offers the opportunity to study selected changes under physiologic and pathologic conditions. However, DXA measurement of total bone mass of several vertebrae is probably more consistently reproducible than individual vertebra since bone mass of individual vertebra is significantly less than the total bone mass of several vertebrae, and any error in DXA measurement is likely to be proportionately greater if former is used as a basis for comparison.
There are limited reports on bone mineral status at lumbar vertebrae in healthy neonates particularly the preterm infants (3, 19, 20) . Different modes of data presentation based on first to fourth vertebrae as in this study and by others (20) or based on first to fifth lumbar vertebrae (3, 19) have been reported although the commercial software as used for this study allows only analyses of first to fourth lumbar vertebrae.
We conclude that DXA measurements of lumbar spine can be performed even in small preterm infants during newborn period. DXA LS measurements with its excellent precision in infants, low radiation exposure and rapid scan acquisition offer promise as a useful tool for widespread use in pediatrics. Our data may be used as a basis for further studies in physiologic and pathologic situations that may affect bone mineralization in infants.
